Abstract: Losses are the main evil that limits the use of metamaterials in practical applications. While radiation losses may be controlled by design, Joule losses are hereditary to the metamaterial structures. An exception is superconducting metamaterials, where Joule losses can be uniquely controlled with temperature in a very wide range. We put this in use by demonstrating temperature-dependent transmission in the millimeter-wave part of the spectrum in high-Tc superconducting cuprate metamaterials supporting sub-radiant resonances of Fano type. 
Metamaterials, supporting Fano resonances have recently attracted considerable attention for their sharp dispersion features making them ideally suited for slow light [1] [2] [3] [4] [5] [6] [7] , sensor [8, 9] nonlinear [10] and switching [11] applications. Such resonances appear as a result of interaction between a high-and low-quality excitation modes leading to asymmetric line profiles. An example of such system is an array of asymmetrically split rings, where antisymmetric current mode corresponding to magnetic dipole excitation is coupled to a strongly radiating low-Q electric dipole mode [12] . The lifetime of such mode and the quality factor of the corresponding Fano resonance is controlled by the asymmetry of the metamaterial resonators and in the absence of dissipative losses can be made infinitely high.
In real metamaterial systems it is the dissipation that limits the maximum possible quality factor of the Fano resonances, and therefore controlling Joule losses is imperative for achieving sharp resonant response. The presently favored solution is to reduce dissipation by using optically-pumped gain media, such as semiconductor quantum dots [13] , semiconductor quantum wells and organic dyes [14] , embedded into metallic nanostructures (parametric gain systems are also under investigation, so far theoretically). While band-structure engineering of metallic alloys promises improved plasmonic media with low Joule losses [15] , resistivity of metals can be reduces by cooling the latter to cryogenic temperatures [16, 17] . The use of superconductors [18, 19] , in principle offers a practical way to completely eliminate Joule losses and provide by far much greater temperature control over dissipation than in metals. For instance, cuprate superconductors show lower surface resistivity than copper at frequencies below 200 GHz even at liquid nitrogen temperatures [20] and show intriguing plasmonic properties [21] .
Here we report the first experimental study of free-space transmission of superconducting metamaterials, which was conducted in the millimeter-wave frequency 2 ) than other forms of YBCO films, and are therefore better suited for applications in high-Q microwave devices. We have manufactured positive and negative forms of the asymmetrically split ring metamaterial, corresponding to square arrays of circular wires and slits (apertures in the cuprate film), as shown in Figs. 1(c) and 1(d) respectively. Each unit cell of the metamaterial arrays had the size of 646 µm x 646 µm and contained one pair of the circular elements with the arc length corresponding to 140 and 142 degrees, which formed an asymmetrically split ring resonator with the radius of 258 µm. Both positive and negative forms of the split ring resonators were wet-etched in the cuprate films following resist patterning with the use of e-beam lithography. The metamaterial arrays were 28 mm in diameter and contained 1400 asymmetrically split rings.
Transmission spectra of the cuprate metamaterials were measured in 80 -110 GHz range of frequencies at temperatures above and below T c using a vector network analyzer and linearly polarized horn antennas. Free-space measurements were performed with the samples placed in a liquid nitrogen flow optical cryostat located between the antennas. The polarization of the incident wave was set parallel to the split for positive split rings and perpendicular to the split in the case of negative split rings [as indicated in Figs. 1(c) and 1(d)], which was required for the excitation of the Fano resonances.
The results of transmission measurements are presented on Figs. 2(a) and 2(b), where we plotted changes in the transmission spectra of the metamaterials with decreasing temperature (down to 77 K) relative to their room temperature state. The measured changes clearly indicate the appearance of the Fano resonances at around 87 GHz, which become substantially stronger as the YBCO film becomes superconducting. In the case of positive asymmetrically split ring metamaterial the resonance emerges as a peak in the transmission change spectrum corresponding to increased transmission (metamaterial-induced transparency [6] ), while the complementary (i.e. negative) version of the structure shows a pronounced dip corresponding to resonantly suppressed transmission (which fully agrees with the Babinet principle). Also, at frequencies away from this resonance the complementary metamaterial structures show gradual increase and decrease of the transmission levels with temperature and the changes become most pronounced upon superconducting phase transition. This is illustrated on Fig. 3 for the case of negative metamaterial, where we plotted its temperature-induced transmission change observed at 84 GHz. Fig. 3 . Change of transmission measured at 84 GHz as a function of temperature for negative superconducting YBCO metamaterial (relative to its room temperature state). Experimental data is presented by red dots, while black curve provides guide for eye.
The results of our measurements appear to be in a good qualitative agreement with the simulated data, which we present in Figs. 2(b) and 2(c) for the case of liquid nitrogen temperature. Calculations of the transmission change were performed using 3D Maxwell equations solver integrated into commercially available Comsol Multiphysics modeling package. Each metamaterial structure was modeled as a single unit cell subjected to periodic boundary conditions in the lateral directions, which, given the size of the arrays, appears to be a good approximation for this type of metamaterials [22] . Electromagnetic properties of the superconductor were described by its surface impedance calculated from the resistivity data [23] [24] [25] using the standard two-fluid model. Although the position of the Fano resonances is very well predicted by our model the agreement between the simulated and experimental data is only qualitative showing the main trends. We believe that this is due to a great deal of uncertainty in retrieving modeling parameters for high-Tc superconducting films using the data available in the literature. Moreover, for temperatures above the critical point the surface impedance model may not work accurately enough because the skin depth in the cuprate film becomes comparable to the film thickness thus failing the impendence model. Periodic microstructuring of the YBCO films is likely to affect vortex pinning and therefore alter the superconducting state and could be another factor explaining some discrepancy between experimental and simulated data.
In conclusion, we have demonstrated that structuring of YBCO film with metamaterial pattern preserves its essential superconductor properties that allows treatment of such structure as a low-loss conductor. We have provided the first experimental demonstration of Fano resonances in superconducting cuprate metamaterials operating in the millimeter-wave frequency range at temperatures down to 77 K. The strength of the resonances is controlled with temperature and increases dramatically as the temperature of the metamaterials drops below the critical point. At frequencies away from the Fano resonance the complementary forms of the cuprate structures show gradual increase and decrease of transmission consistent with the Babinet principle. Out results provide optimism that high quality resonance spectral filters could be developed for the millimeter wave part of the spectrum with the use of hightemperature superconductors, lending to various security and sensor applications.
